The T 1 ←S 0 absorption spectrum of gas-phase 1,3-butadiene (C 4 H 6 ) has been investigated over the region from 20 500 to 23 000 cm Ϫ1 using cavity ring-down spectroscopy. Resolved vibrational structure and partially resolved rotational structure have been observed for the first time in the gas phase. The T 1 ←S 0 origin transition is located at 20 777 cm
I. INTRODUCTION
As the smallest conjugated polyene, the electronic structure of the ground and excited electronic states of 1,3-butadiene has received a great deal of experimental and theoretical attention. 1, 2 In the ground electronic state, butadiene prefers the trans-planar geometry ͑see Fig. 1͒ , with a barrier to twisting about the CvC bond of nearly 60 kcal/mol. In the lowest triplet state, however, the potential energy surface is remarkably flat along this coordinate ͑Fig. 1͒, so that the terminal CH 2 group can twist nearly freely. Furthermore, the S 0 and T 1 states are nearly isoenergetic at the twisted configuration, providing a means for fast intersystem crossing that shortens the T 1 excited state lifetime.
In butadiene, twisting about the terminal CvC bond͑s͒ does not by itself produce isomerization; however, this motion is used by butadiene as a first step towards cis-trans isomerization, since intersystem crossing produces ground state molecules with substantial internal energy that can be used to overcome the barrier to isomerization. 3 Triplet states are not accessed by optically excited butadiene, 2 but the spectroscopy and dynamics of the triplet states of butadiene can serve as models for longer polyenes, where triplet states are known to lead to different photochemical products than their singlet counterparts. As a result, previous work 1,4 -11 has sought to characterize the T 1 potential energy surfaces of butadiene and longer polyenes in order to understand and better control their photochemical reaction pathways.
Theoretical studies place the T 1 ←S 0 vertical excitation between 3.00-3.60 eV. 9, [12] [13] [14] [15] [16] [17] However, the consensus of recent ab initio and density functional theory studies is that the twisted C s minimum is slightly lower in energy than the planar structure, 4,6 -8,10,11 with the highest levels of theory predicting an energy difference of only about 3 kcal/mol. 4 Most theoretical studies have focused attention primarily on the planar ͑C 2h symmetry͒ and twisted ͑C s symmetry͒ minima, and less so on the surface connecting them. These calculations find a true minimum at the planar configuration, but calculate that no significant barrier exists between the planar and twisted structures. [6] [7] [8] 11 The most recent calculations of Ottosson and co-workers predict a barrier of only 0.3 kcal/mol ͑ϳ100 cm Ϫ1 ͒ separating the planar and twisted minima. 1, 18 The experimental characterization of the T 1 surface has been hindered by the lack of phosphorescence of the T 1 state. This short lifetime has also hindered the interrogation of the T 1 state by transient absorption methods. As a result, several previous studies have sought to characterize the T 1 state by direct absorption from the S 0 state. 19, 20 However, the spin-forbidden character of this transition has posed a particular challenge to experimental detection. Previous gasphase optical spectroscopy of the T 1 ←S 0 transition used the enhancement of the spin-forbidden transition by interaction with high-pressure oxygen. 19, 20 These studies only identified weak vibrational structure well above the T 1 ←S 0 origin. Electron energy loss spectroscopy ͑EELS͒ [21] [22] [23] [24] and ion impact spectroscopy 25 in the gas phase showed no resolvable vibrational structure, but clearly identified the vertical excitation energy at 3.2 eV. Optical spectroscopy of butadiene provided an assignment of the T 1 ←S 0 origin at 20 830 cm Ϫ1 in oxygen-saturated chloroform 19 and 20 920 cm Ϫ1 in chloroform and in the gas phase. 20 More recently, Swiderek et al. a͒ Author to whom correspondence should be addressed. Electronic mail: zwier@purdue.edu have succeeded in recording a high-quality EELS spectrum of butadiene physisorbed on an argon thin film at low temperature. 26 This spectrum does show resolved vibrational structure extending from an origin located at 2.585 eV ͑20 850 cm Ϫ1 ͒, and provides a basis for comparison with the present results.
Motivated by the need for a more complete characterization of the T 1 state of butadiene in the gas phase, we have probed the T 1 ←S 0 absorption spectrum using the high sensitivity of cavity ring-down ͑CRD͒ spectroscopy. The first 2000 cm Ϫ1 of the transition has been observed with vibrational and partial rotational resolution. The spectrum is extremely weak, with a peak absorption cross section at the origin of only 2.5ϫ10 Ϫ26 cm 2 /molecule. The spectrum shows vibronic structure that can be assigned to a transition to a planar T 1 minimum by comparison with ab initio vibrational frequencies. 1 There is a surprising lack of FranckCondon activity involving the CH 2 torsional coordinates, given the small barrier ͑ϳ100 cm Ϫ1 ͒ that is calculated to separate the planar and twisted minima in the T 1 state. This motivated a Franck-Condon analysis of the CH 2 torsional degrees of freedom on a two-dimensional potential energy surface to determine if a surface which is consistent with the calculated energetics ͑i.e., a low barrier between planar and twisted͒ could reproduce the observed Franck-Condon profile.
II. EXPERIMENT
The laser source for the CRD experiment is an excimerpumped dye laser ͑LPX 110 and FL3002͒ operating in the region from 430-490 nm, covered by laser dyes Coumarin 440, 460, 480. The dye laser was used without the main amplifier stage to reduce the laser power and to minimize interference from amplified spontaneous emission from the dye solution. The laser power operating in this manner was typically around 0.2 mJ/pulse. Irises were used at several points in the laser beam path to produce a spatially homogeneous beam profile. As Fig. 2 shows, the cavity consisted of a 1 m long cell with two ring-down mirrors ͑Los Gatos Research, 99.995% reflective, 6 m radius of curvature͒ mounted on micrometer flanges acting as end pieces. The ring-down cell was pressurized to 600 Torr with butadiene ͑Matheson, Ͻ99% purity͒. Pressures this high were necessary to detect ring-down signal with adequate signal-to-noise ratio. The light exiting the ring-down cavity was collected using a photomultiplier tube ͑Thorn EMI͒. This signal was transferred to a digital oscilloscope where the signal was fitted to an exponential decay. The ring-down spectra in this paper were taken at 298 K, where 97% of the population exists in the trans configuration. 27 We thus assume in what follows that all absorptions are due to the trans isomer. The excellent correspondence of the experimental vibronic features with calculated frequencies of trans-butadiene 1 confirms this assumption as valid.
III. RESULTS AND DISCUSSION

A. Overview
The T 1 ←S 0 (1 3 B u ←X 1 A g ) CRD spectrum of butadiene in the 20 500 to 23 000 cm Ϫ1 region is shown in Fig. 3 ) cavity ring-down spectrum of butadiene. ͑b͒ CRD spectrum of butadiene with a fourth order fit to the background subtracted from the data.
co-adding two scans taken under 50 shot averaging. The vibronic structure appears on top of a rising background. Initially, this background was thought to be due to a broad absorption coming from the twisted T 1 configuration. However, we will show in the next section that the background could be quantitatively accounted for as Rayleigh scattering, with its 4 frequency dependence. The spectrum in Fig. 3͑b͒ is the result of subtracting the Rayleigh scattering contribution from the signal.
The T 1 ←S 0 origin transition occurs at 20 777 cm Ϫ1 with a peak absorption cross section of only 2.5ϫ10 Ϫ26 cm 2 /molecule after subtraction of the nonresonant background. This peak cross section is almost a factor of 100 smaller than the corresponding peak cross section for the T 1 ←S 0 origin transition in diacetylene ( peak ϭ1.1ϫ10 Ϫ24 cm 2 /molecule) measured recently by our group. 28 The small absorption cross section clarifies why the spectrum required such high reflectivity mirrors and high sample pressures to observe, and why Rayleigh scattering was on the same scale as the absorptions.
From the experimental spectrum, the integrated absorption cross section for the T 1 ←S 0 transition over the range 20 700 to 22 700 cm Ϫ1 is found to be int
. This value can be scaled to obtain an estimate of the total integrated absorption cross section for the T 1 ←S 0 transition, int tot , if the fraction of the total absorption spectrum covered by the experimental spectrum can be determined. Based on the overall band shape of T 1 ←S 0 transition in the EELS spectrum of Swiderek et al., 26 the fraction of the total transition covered by the experimental spectrum is about 0.2, giving int tot ϭ6.0ϫ10
Ϫ23
. From the value for int tot one can calculate an oscillator strength for the
. 29 This value compares well with the oscillator strength ( f ϭ1.0ϫ10 Ϫ10 ) calculated by Minaev et al. for the transition using ab initio methods. 30 The spin-forbidden nature of the transition makes its oscillator strength exceedingly weak.
B. Rayleigh scattering
As was mentioned previously, there is a rising background in the spectrum that dominates its overall appearance ͓Fig. 3͑a͔͒. In order to assess whether this background was due to real absorption by the butadiene sample, or some other loss process characteristic of the high pressure gas, we recorded ring-down spectra of 600 Torr air and 600 Torr isobutane over the same wavelength region. At these pressures, N 2 has little effect on the observed ring-down times, while isobutane had ring-down times and a wavelength dependence similar to that of butadiene. This suggested that the effect was due to Rayleigh scattering and not molecular absorption, since isobutane has no electronic absorptions in this wavelength region.
Naus and Ubachs 31 have recently used cavity ring-down spectroscopy to measure absolute Rayleigh scattering cross sections in several gases. Their analysis serves as a useful guide to quantifying the absolute magnitude of the effect in butadiene. A brief summary of that analysis is given here.
The Rayleigh scattering of a molecule can be calculated from the following formula:
where v is the frequency in cm
Ϫ1
, N is the molecular density in cm Ϫ3 , n () is the refractive index, and F k(v) is the King correction factor. 31 The King correction factor takes into account the anisotropy of nonspherical molecules and is defined as
where n is the depolarization ratio of natural light. 31, 32 The static depolarization ratio is given by
where ⌬␣ is the dipole polarizability anisotropy and ␣ is the mean dipole polarizability. 33 The relationship between the polarization of natural light and linearly polarized light is n ϭ l /(2Ϫ l ). 34 The index of refraction for butadiene was calculated from the known values for the mean dipole polarizability at four different wavelengths that straddle the wavelength region of interest here. 35 Thus, all the factors in Eq. ͑1͒ are known, allowing us to predict the absolute wavelength-dependent Rayleigh scattering cross section for comparison with the sloping background in the ring-down spectrum. Figure 4͑a͒ shows four calculated points for the Rayleigh scattering of butadiene along with a fourth order fit to that data. Also shown on the graph is the CRD spectrum for comparison, on the same absolute scale. Figure 4͑b͒ shows FIG. 4 . ͑a͒ ᭡ is the data obtained from the calculation of the Rayleigh scattering cross section of butadiene. ⌳ is the fit to the calculated scattering data. The cavity ring-down spectrum of butadiene is also shown for comparison. ͑b͒ An expanded view of the experimental spectrum of butadiene and the fit to the calculated scattering data.
an expanded view of the fit to the calculated scattering data along with the experimental spectrum. Since the calculated curve contains no adjustable parameters, the close proximity of the two curves is remarkable. Thus, Rayleigh scattering provides a clear explanation for the existence, absolute size, and shape of the sloping background in the CRD spectrum.
Such measurements could provide accurate absolute Rayleigh scattering cross sections as a function of wavelength for both pure gases and mixtures of arbitrary composition. For instance, based on the measured ring-down times, the absolute Rayleigh scattering cross sections for light loss in air, isobutane, and butadiene at 481.3 nm ͑20 777 cm Ϫ1 ͒, are 5.4ϫ10 Ϫ26 , 2.6ϫ10 Ϫ25 , and 3.2ϫ10 Ϫ25 cm 2 , respectively.
C. Vibronic structure
Having accounted for the rising background as Rayleigh scattering, this contribution can be subtracted out in considering the vibronic structure in the CRD spectrum, as was done in Fig. 3͑b͒ . This background-subtracted spectrum shows the vibronic structure more clearly, consisting of five main bands spread over approximately 2000 cm Ϫ1 . Because the most recent calculations 1,4,6 -8,10,11 place both the planar and twisted T 1 minima in the same wavelength region, a first concern is to determine whether the experiment accesses vibronic levels in the planar or twisted conformations. The experimental vibrational energies for the CRD spectrum and the condensed phase EELS are given in Table I . Also included in the table are the calculated harmonic vibrational frequencies for both the C 2h ͑planar͒ and C s ͑twisted͒ structures from the recent work of Brink et al. 1, 18 Since these calculations also provide the structures and the form of the normal modes in the S 0 , planar T 1 , and twisted T 1 states, they can be used in a Franck-Condon analysis to predict the appearance of the spectrum if either the planar or twisted T 1 minima are accessed. In carrying out this analysis, the unscaled harmonic frequencies were used. The effects of hot bands were included in the analysis by assuming a Boltzmann distribution in the ground state vibrational levels at 300 K.
The calculated spectrum for the transition from S 0 to the planar T 1 excited state is shown in Fig. 5͑a͒ , where it is compared to the experimental spectrum. Also shown is the calculated spectrum to the twisted state ͓Fig. 5͑b͔͒. Both calculated spectra have been convoluted with a Gaussian line shape (FWHMϭ25 cm Ϫ1 ). The match between the calculated spectrum for the transition to the planar state and the experiment is remarkably good. The qualitative appearance of the simulated spectrum is also in good agreement with the earlier Franck-Condon calculations of Zerbetto and Zgierski. 36 By contrast, the corresponding spectrum to the twisted T 1 minimum bears little resemblance to the experimental spectrum. Long progressions of combination bands involving the aЉ bending mode v 23 dominate the calculated spectrum, reaching a maximum between 4000 and 5000 cm
Ϫ1
. Thus, there is little doubt that the excited state vibronic structure observed in the CRD spectrum is due to the planar minimum on the T 1 surface, as was surmised by the previous vibrational study. 26 Based on the FCF calculation, the observed bands at 249, 491, 1166, and 1617 cm Ϫ1 can be assigned as 24 0 2 , 9 0 1 , 7 0 1 , and 4 0 1 ͓Fig. 5͑a͔͒. The v 24 vibration is a b g symmetry CH 2 torsional mode, which appears only as an even overtone. The band gains intensity by virtue of the very large drop in its frequency in going from S 0 ͑781 cm Ϫ1 ͒ to planar T 1 ͑130 cm Ϫ1 ͒. The other three modes, v 9 ͑skeletal bend͒, v 7 ͑exterior C-C stretch͒, and v 4 ͑interior C-C stretch͒, are all totally symmetric fundamentals. The latter two vibrations gain Franck-Condon activity due to the large change in C-C bond lengths between S 0 and T 1 states. In fact, the central C-C bond in the planar T 1 minimum is shorter than the outer C-C bonds, just the reverse of what is true in the S 0 state. The skeletal bend is turned on by a change in the C-C-C angle upon electronic excitation.
D. Rotational structure
The butadiene T 1 ←S 0 absorption spectrum in the origin region is shown in Fig. 6͑b͒ . No resolved rotational structure is observed at the present resolution and signal-to-noise ratio, but the spectrum does feature three doublets, spaced about 20 and 10 cm Ϫ1 from the origin, with an internal spacing of about 2 cm Ϫ1 . In order to identify the source of this structure, we developed a simple model to calculate the rotational structure for a singlet-triplet transition. The goal was to determine if the model could account for the small ͑2 cm Ϫ1 ͒ splitting seen in each of the three doublets, and to establish if all three features could belong to the same vibronic band or result from different vibronic transitions. The modeling process did not involve fitting experimental lines, but rather adjusting the various parameters to see how the overall contour of the band changed, and to seek a qualitative match with the experimental profile. The theory describing the rotational structure in singlettriplet vibronic transitions was set forth by Van Vleck 37 and Raynes, 38 including expressions for the multiplet splitting in triplet states of symmetric top molecules. The energy levels for the multiplet splitting in the triplet state were taken from Herzberg 34 ͑based on those derived by Raynes͒. Hougen described the selection rules governing rotational transitions in singlet-triplet spectra and presented expressions for the intensities of the rotational lines in the case of D 2h symmetry, the most general point group for asymmetric top molecules. 39 Intensity factors from Table II in Hougen were used in our simulations. For a more detailed description, the reader is referred to the supplemental material. 40 Rotational constants for the ground and triplet state were calculated from the optimized geometries of Brink et al. 30 ͒, the remaining three parameters ͑the spin-rotation parameters and , and the spin-spin parameter ͒ were varied to reproduce the experimental splittings. Figure 6͑a͒ shows a calculated rotational band contour that reproduces the 2 cm Ϫ1 splitting in the experimental spectrum. The splitting arises from a separation of the Q,R R and Q,R Q ( ⌬K,⌬N ⌬J) subbands ͑the two most intense sub-bands in all of the calculated spectra͒ into two distinct features. The splitting varied linearly with increasing , with a value of about 2 cm
Ϫ1
reproducing the experimental splitting. This value, while large, is comparable to that found for thioformaldehyde. 41 Butadiene in the triplet state has several possible resonance structures, and recent calculations suggest that the largest contribution comes from the structure in which the radical centers are on adjacent carbons. 42 As the spin-spin parameter depends on the distance between the unpaired electrons, their proximity could account for the magnitude of the interaction.
If large values ͑Ͼ1 cm Ϫ1 ͒ were chosen for , a feature 15 cm Ϫ1 to the blue of the origin could be reproduced; the smaller splitting was not observed in these simulations. However, typical spin-orbit coupling is less than 1 cm Ϫ1 , 43 and so this value was deemed unrealistic. Our model was unable to account for the doublet seen in the experimental spectrum 20 cm Ϫ1 to the red of the origin under any conditions. Accordingly, while the small splitting may be due to spin-spin interactions in the triplet state, we are forced to look elsewhere to explain the larger spacing. Figure 6͑c͒ shows the vibrational structure calculated by the Franck-Condon analysis on an expanded scale in the T 1 ←S 0 origin region. The Franck-Condon calculation predicts that there will be hot bands and sequence bands in the origin region with intensities comparable to the observed side bands. The transition 20 cm Ϫ1 to the red of the main doublet is tentatively assigned as 17 1 1 on this basis, though isotopic labeling or variable temperature CRD spectroscopy will be required before a firm assignment of this structure can be made.
IV. DISCUSSION
The analysis of the preceding section has shown that the observed vibronic structure in the CRD spectrum can be quantitatively accounted for via a harmonic Franck-Condon analysis involving transitions between the planar S 0 state and the planar T 1 excited state. This vibrational structure extends up to at least 1700 cm Ϫ1 above the T 1 origin. Yet, the same calculations 1, 18 that form the basis for the Franck-Condon analysis predict only a 100 cm Ϫ1 barrier to the twisted T 1 configuration ͑Fig. 1͒. On this basis, one might anticipate very long Franck-Condon progressions involving the CH 2 torsional modes v 21 and v 24 ͑Table I͒. Instead, we observe only the first overtone of the b g symmetry CH 2 torsion, with an intensity only about one-third that of the origin. Furthermore, the corresponding torsional transitions built off the other a g fundamentals are not observed.
According to the previous theoretical calculations, the well associated with the planar minimum in the potential energy surface is extremely shallow. One wonders, then, whether a simple harmonic analysis should be able to correctly reproduce the torsional vibronic structure, as it appears to do. To go beyond a harmonic analysis requires carrying out a calculation on a two-dimensional torsional potential energy surface associated with the rotation of the two CH 2 groups out of the plane of the carbon skeleton. 44, 45 We wish to determine the magnitude of the barrier that is required to reproduce the short, harmoniclike Franck-Condon progression observed for the v 24 torsional mode, thereby testing the reliability of the calculated 100 cm Ϫ1 barrier. The two-dimensional torsional potential energy surfaces for the S 0 and T 1 states are formed in the following way. In the ground state, the barrier to rotation of the CH 2 group by 180°about the double bond is set at its known value of ϳ60 kcal/mol. Because of the height of this barrier, we ignored the coupling between the two CH 2 groups and used a potential of the form V͑ 1 , 2 ͒ϭV 0 ͕2Ϫcos͑2 1 ͒Ϫcos͑ 2 2 ͖͒, ͑4͒ where 1 and 2 are the torsional angles for the two CH 2 groups, with the planar structure having 1 ϭ 2 ϭ0 ͓or equivalently, 1 ϭ 2 ϭ180°, as shown in Fig. 7͑a͔͒ . ͑A positive twist for either angle corresponds to a counter-clockwise motion of the hydrogens as you look down the CvC double bond from the terminal carbon towards the center of the molecule.͒ In the ground state, there is no well at the top of the barrier between any of the minima ͑corresponding to a twisted structure, where one CH 2 group is 90°to the plane͒.
In the triplet state, the potential coupling is more important, as it determines the energy of the planar and doubly twisted structures relative to the singly twisted global minimum. The complete potential used for the triplet state is a sum of three terms
͑5͒
In the T 1 state, the twisted structure is the global minimum, shifted by 90°in one angle from the minimum in the ground state. V 2 and V 2 Ј were fixed at 2145.0 cm Ϫ1 and 3885.0 cm
Ϫ1
, respectively, to reproduce the relative energies of the twisted, planar, and doubly twisted structures as taken from the density functional theory calculations of Brink et al., 1, 18 while V 4 was varied to change the barrier from the planar to the twisted minimum. Figures 7͑b͒-7͑d͒ show a series of three contour plots for the triplet state torsional potential surface with different values of V 4 ͑1210, 1500, and 1760 cm Ϫ1 ͒. The energy scale in all four contours is referenced to V(0,0)ϭ0 ͑the planar configuration͒, such that the twisted conformer in the triplet state has a negative energy. The directions of the two CH 2 torsional normal modes on the torsional potential energy surface are given by the arrows in Fig. 7͑c͒ labeled Q 24 and Q 21 .
For each of these triplet state potentials, the twodimensional torsional Schrödinger equation was solved in a basis of free rotor functions for both S 0 and T 1 states to determine the torsional wave functions in each state. 44, 45 Vibrational overlap integrals and Franck-Condon factors were then calculated to simulate the spectrum involving the torsional coordinates, for comparison with experiment.
We were interested in how this structure changed as we adjusted the barrier between the planar and twisted states ͑via V 4 ͒. Figures 8͑a͒-8͑c͒ show the predicted torsional band structure for the three different potential surfaces shown in Figs. 7͑b͒-7͑d͒ , respectively. In the first potential ͓Fig. 7͑b͔͒, there is no barrier on the path from the planar structure to the twisted minimum. The wave functions in the triplet state are delocalized above the planar site, and there is a long and complicated progression seen in the transition from the highly localized ground state levels ͓Fig. 8͑a͔͒.
When V 4 ϭ1500 cm Ϫ1 ͓Fig. 7͑c͔͒, there is a slight barrier ͑ϳ250 cm Ϫ1 ͒ between the planar structure and the twisted minima. Already in a well this shallow, there is considerable localization of the wave functions for a few closely spaced energy levels over the well, and the transitions to these levels dominate the spectrum. The triplet of levels 200 cm Ϫ1 above the zero point levels are already beginning to look like the first overtone of a torsional mode. Note that for this surface, the zero point levels are located just near the top of the barrier ͑ϳ250 cm Ϫ1 ͒. ͓The bottom of the well is taken as the zero of the relative energy scale in Fig. 8͑b͒ .͔ The wave function is localized because it oscillates against a wall that does not take it over the barrier.
In the final case for which V 4 ϭ1760 cm Ϫ1 ͓Fig. 7͑d͔͒, the barrier separating the planar and twisted minima has increased still further to ϳ600 cm Ϫ1 . Already for a barrier this size, the spectrum has collapsed to a few strong transitions to levels with wave functions localized in the planar well of the triplet state ͓Fig. 8͑c͔͒, with a calculated Franck-Condon profile that is nearly identical to the harmonic result.
Our CRD spectrum shows no evidence of the extensive torsional structure that would be expected if there were no FIG. 7 . Potential contour for the torsional motion of butadiene for ͑a͒ the ground state, and for three different triplet surfaces with ͑b͒ no barrier, ͑c͒ ϳ250 cm Ϫ1 barrier, and ͑d͒ ϳ600 cm Ϫ1 barrier between the planar and twisted minima. Contours for the ground state are spaced at 2000 cm
. Contours in the triplet state surfaces are spaced at 100 cm Ϫ1 from Ϫ500 to 500 cm Ϫ1 , and at 500 cm Ϫ1 increments beyond that, with negative contours indicated by dashed lines. The 0, 500, and Ϫ500 cm Ϫ1 contours are marked with heavy lines in the triplet state surfaces.
FIG. 8. Calculated torsional spectra for the three cases: ͑a͒ no barrier, ͑b͒ ϳ250 cm Ϫ1 barrier, and ͑c͒ ϳ600 cm Ϫ1 barrier between the planar and twisted minima in T 1 .
barrier from the planar state, suggesting there is at least a moderate barrier between the planar and twisted structures on the torsional surface. This result is consistent with the small, nonzero barrier calculated by Brink et al. 1 Note that the minimum energy path from the planar to the twisted minimum ͑marked on each triplet state contour͒ does not lie along a straight-line path involving twisting of a single CH 2 group ͑i.e., a single coordinate͒. Instead, the initial motion out of the planar minimum requires both groups to twist in the same direction, corresponding to the b g torsional normal coordinate Q 24 ; this is the mode whose first overtone is seen in the CRD spectrum. Motion along the Q 21 torsional coordinate ͑a u symmetry͒ leads to a much steeper barrier and this mode is not observed in the CRD spectrum.
In summary, the CRD spectrum has revealed a T 1 ←S 0 absorption spectrum that can be ascribed in its entirety to a transition to a planar T 1 minimum. This T 1 surface must have a barrier of at least a few hundred wave numbers separating the planar and twisted minima, so that it is capable of localizing the first few torsional wave functions inside the planar well. As long as the well is deep enough for this to occur, the spectrum will be hard to distinguish from a harmonic case, because the nontotally symmetric nature of the torsional modes makes it difficult to turn on long progressions in the torsional mode that reach up into the delocalized region of the surface. Clearly, such levels must exist, and their detection would shed much light on the details of the torsional potential energy surface that play such a crucial role in the triplet-state dynamics.
